Phage shock protein (Psp) is induced by extracytoplasmic stress that may reduce the energy status of the cell. It is encoded in Escherichia coli by the phage shock protein regulon consisting of pspABCDE and by pspF and pspG. The phage shock protein system is highly conserved among a large number of gram-negative bacteria. However, many bacterial genomes contain only a pspA homologue but no homologues of the other genes of the Psp system. This conservation indicates that PspA alone might play an important role in these bacteria. In Streptomyces lividans, a soil-borne gram-positive bacterium, the phage shock protein system consists only of the pspA gene. In this report, we showed that pspA encodes a 28-kDa protein that is present in both the cytoplasmic and the membrane fractions of the S. lividans mycelium. We demonstrated that the pspA gene is strongly induced under stress conditions that attack membrane integrity and that it is essential for growth and survival under most of these conditions. The data reported here clearly show that PspA plays an important role in S. lividans under stress conditions despite the absence of other psp homologues, suggesting that PspA may be more important in most bacteria than previously thought.
Bacterial cells need to be able to respond to a wide variety of extracytoplasmic stresses such as heat, osmotic, and alkaline stresses. A large number of extracytoplasmic stress responses have been identified (21) , one of which is the phage shock protein (psp) response. This psp system is highly conserved in a large number of gram-negative bacteria. In Escherichia coli, it consists of the divergently transcribed cistron pspF, the pspABCDE operon, and the more recently discovered pspG gene (11, 17) .
The E. coli psp system is induced by a wide variety of stressful environmental conditions such as extreme heat shock (50°C), ethanol treatment, hyperosmotic shock, and exposure to organic solvents or proton ionophores such as carbonyl cyanide m-chlorophenylhydrazone (CCCP) (4, 28) . Furthermore, the psp response is induced by conditions or mutations that reduce the efficiency of the general (Sec) and twin-arginine (Tat) secretion pathways (7, 9) . On the other hand, when pspA is overexpressed, secretion via the Sec pathway becomes more efficient, and Tat-dependent secretion even shows a fourfold increase (7) .
Although considerable research has been devoted to the psp response in several of the Enterobacteriaceae including Yersinia species, E. coli, and Salmonella species, rather less attention has been paid to its role in gram-positive bacteria.
Streptomycetes are soil-borne gram-positive bacteria that are well known for the production of a large variety of secondary metabolites. About two-thirds of the currently known natural antibiotics are synthesized by streptomycetes (26) . Furthermore, it has proven to be a valuable alternative host for the production of various heterologous proteins of biopharmaceutical and industrial importance (20, 22) .
Recently, we have shown that the Streptomyces lividans PspA homologue stimulates the production of homologous and heterologous proteins secreted through either the Sec or the Tat pathway in this organism (25) . It was remarkable to learn that in S. lividans PspA by itself could improve protein secretion, since S. lividans does not contain any of the pspBCF genes thought to be needed for a functional psp response (5) . The PspB and PspC proteins are presumed to be the sensors of extracytoplasmic stress, and depending on the stress condition, a different protein is needed to obtain a psp response. Most inducing stimuli depend entirely on PspB and PspC (19) . However, some stress conditions rely on only one of the pspB and pspC genes. Finally, some responses, like the induction of PspA by heat shock in E. coli, do not require PspB or PspC at all (27) . The fact that pspA homologues are present in a large percentage of the sequenced bacterial genomes and the fact that most of them are not adjacent to any other psp genes (5) indicate that PspA may play an important role in bacteria even when PspB and PspC are not present.
In this study, we investigated the role of S. lividans PspA. Therefore, the expression pattern of the pspA gene was studied in wild-type (WT) S. lividans cells subjected to a variety of extracytoplasmic stresses. Furthermore, the importance of PspA was shown by subjecting a pspA mutant to the same stress conditions. The behavior of this mutant and the expression pattern provide evidence for a role for PspA in the extracytoplasmic stress response of S. lividans.
MATERIALS AND METHODS
Strains, media, and growth conditions. Streptomyces lividans TK24 and its derivatives were precultured in 5 ml phage medium (15) supplemented with thiostrepton (10 g/ml) or apramycin (50 g/ml), if necessary, and grown at 27°C with continuous shaking at 300 rpm for 48 h. After homogenizing the mycelium, the strains were inoculated in NB medium (10 g/360 ml; International Diagnostics Group). When this NB medium was to be buffered, 40 ml of morpholinepro-panesulfonic acid (MOPS) solution (0.5 M, pH 7.2) was added, resulting in NM medium (24) . For solid medium, MRYE (2) was used and was supplemented with thiostrepton (50 g/ml), if applicable.
Protoplast formation and the subsequent transformation of S. lividans were carried out according to procedures described previously by Kieser et al. (12) . To test the distinct activities, precultures of S. lividans transformants grown in phage medium (48 h) were used to inoculate 50 ml NB/NM medium, and cultures were subsequently cultivated for 24 to 48 h.
RNA isolation and RT-PCR. Total RNA was isolated from S. lividans strains as described previously by Van Dessel et al. (23) . RNA concentration and purity were determined by measurement of the optical density at 260 nm (OD 260 ) and by measurement of the ratio of the OD 260 to the OD 280 , respectively. Samples used for reverse transcriptase PCR (RT-PCR) were also treated with DNase I (Qiagen) (final concentration, 0.5 units/l) to remove any residual chromosomal DNA. RT-PCR was performed with 100 ng of total RNA using the Access RT-PCR system (Promega). To investigate the presence of an operon structure encompassing the pspA gene, primers 2168F (5Ј-ATGATCTTCCGCGCGAAG-3Ј), 2168R (5Ј-CTACTGCTTGTCGAAGCG-3Ј), 2169F (5Ј-CCGGGATTTTC CGGACAAC-3Ј), and 2167R (5Ј-CGTCGCCGTTCTCCATCT-3Ј) were used.
Extraction of membrane proteins. WT S. lividans TK24 was inoculated (2%) in NM medium. After 24 h of growth, the mycelium was harvested by centrifugation, and the cells were resuspended in 50 mM Tris-HCl (pH 7.2) buffer. Following this resuspension, the cells were lysed in a French pressure cell. After removal of the cell debris by centrifugation (20 min at 12,000 ϫ g), three 5-ml aliquots of cell lysate were centrifuged for 2 h at 100,000 ϫ g. To analyze the association of proteins with the membrane, the pelleted membranes were resuspended in 2.5 ml of buffer, in either 10 mM Tris-HCl (pH 8.0) containing 500 mM KCl, 100 mM Na 2 CO 3 (pH 11.0), or 10 mM Tris-HCl (pH 8.0) containing 1% Triton X-100. Upon incubation for 15 min at 4°C, the samples were recentrifuged for 2 h at 100,000 ϫ g. The supernatant was collected, and the pellet of each sample was resuspended in 2.5 ml buffer containing 10 mM Tris-HCl (pH 8.0) and 1% Triton X-100, followed by an additional incubation for 15 min at 4°C. Equal amounts were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and Western blotting and with Tat-specific antibodies using CDP* reagent (Tropix) detection.
Production of PspA-specific antibodies. For immunodetection of the S. lividans PspA protein, polyclonal PspA antisera were generated. This was done by immunizing rabbits with a peptide representing a predicted immunogenic epitope of the PspA protein, H 2 N-LDRAEDPRETLDYSC-COOH (Eurogentec), coupled to a carrier. Coupling to the hapten carrier and purification of the resulting antisera were performed according to the manufacturer's guidelines (Imject Maleimide activated immunogen conjugation kit; Pierce). The obtained antiserum was tested for its specificity by Western blotting analysis.
Construction of a PspA transposon mutant. A derivative of cosmid St6G10A carrying a Tn5062 insertion in the pspA gene (a kind gift of Paul Dyson, University of Swansea), generated using an in vitro transposition method (3), was introduced into E. coli S-17 cells. In the subsequent step, S. lividans TK24 cells were conjugated with the cosmid-containing E. coli as described previously by Kieser et al. (12) .
Two MRYE plates, one containing nalidixic acid (25 g/ml) and apramycin (50 g/ml) and the other containing nalidixic acid and kanamycin (50 g/ml), were prepared. Single transconjugants were patched as a grid onto both plates (with the kanamycin plate first) and incubated for ϳ4 days. Transconjugants in which a double crossover had occurred (i.e., patches that were apramycin resistant and kanamycin sensitive) were identified. These patches were then taken through single-colony isolation on MRYE plates containing apramycin and nalidixic acid, and single colonies were further checked for kanamycin sensitivity before spore suspensions were made and stored at Ϫ20°C. Four independent Apr r Kan s transconjugants were checked by Southern blot analysis to verify that the expected double crossover and allelic replacement had occurred in each case (results not shown).
A complemented strain was constructed by introducing plasmid pIJ486xPspA, carrying the pspA gene, into the mutant.
Promoter analysis. Expression from the pspA promoter was analyzed using the pspA transposon mutant. The Tn5062 transposon contains a promoterless enhanced green fluorescent protein (eGFP) gene. Insertion of the transposon behind the promoter of the pspA gene, as done here for the creation of the mutant, allowed an analysis of the promoter activity of the disrupted gene (3) .
Dynamic eGFP fluorescence measurements were done using the Infinite200 system (Tecan Group). Briefly, 24-well plates (Greiner Bio One) were inoculated with 10 6 Streptomyces spores in 1 ml NM medium per well. Spores were allowed to germinate and grow at 29°C while shaking (4 mm, orbital). After 18 h, the shock factor was added, and the cells were allowed to grow for another 24 h under the same conditions. During growth, eGFP fluorescence was measured every 2 min.
Activity assays. Extracellular eGFP activity of 200 l spent medium was assayed by measuring fluorescence with a Fluoroskan Ascent FL fluorophotometer (Labsystems), with the excitation filter set to 485 nm and the emission filter set to 520 nm.
Xylanase activity was measured with a dinitrosalicylic acid assay as described previously (6) . Briefly, after 24 h of growth, cultures were centrifuged (10 min at 4,000 ϫ g at 4°C), the obtained supernatants were diluted in the assay buffer, and the amount of reducing sugar was quantified. One unit of xylanase was defined as the amount of enzyme that produces 1 mg reducing sugar in 10 min at 60°C from a saturated xylan solution. Values were expressed as units per mg mycelial dry weight to correct for possible differences in growth rates between the different S. lividans strains.
RESULTS
Transcriptional analysis of the S. lividans pspA gene. The transcriptional organization of genes in the neighborhood of the pspA gene was analyzed using the genomic sequence of a sequenced S. coelicolor strain as a starting point (sco numbers). Both organisms are highly similar, and work by Leblond et al. (16) revealed essentially similar genomic organizations in the two species. pspA (sco2168 homologue) appears to form an operon with the downstream-located sco2167 homologue, a gene encoding a 10-kDa protein of unknown function. This apparent operon structure is conserved in a wide range of high-GC-content, gram-positive bacteria. Further downstream, we can find a two-component sensor kinase/response regulator pair (sco2166/sco2165 homologues), while 306 bp upstream of the pspA gene, a divergently transcribed gene encoding a predicted integral membrane protein of unknown function (sco2169 homologue) is present. RT-PCR experiments were carried out on total RNA isolated from WT S. lividans TK24 to verify possible cotranscription of the sco2167 and sco2169 gene homologues with the pspA gene ( with primers 2168F and 2167R gave a 910-bp band, indicating that pspA and the sco2167 gene homologue are cotranscribed. RT-PCR on RNase-treated samples was negative, confirming a specific, DNA-independent amplification.
pspA mutants show decreased viability in alkaline environments. To prove the importance of the PspA protein in the S. lividans extracytoplasmic stress response, we constructed a pspA mutant, which was subsequently subjected to a wide variety of stresses. Its growth and survival were compared to those of WT S. lividans. When both strains were grown in buffered NM medium, no growth difference could be observed. However, when both strains were grown in nonbuffered NB medium for 3 days, the mutant strain showed a decreased cell density in the stationary phase ( Fig. 2A) . The pH in unbuffered medium was found to be ϳ9.2 after 72 h, in contrast to pH 8.2 in buffered medium. We therefore investigated whether pspA mutants could survive under alkaline conditions.
Precultures were made by growing the S. lividans strains in 5 ml phage medium for 24 h. After 24 h, this culture was homogenized, and 3 mg mycelial dry weight was used to inoculate 50 ml NB medium. The cultures were grown for 18 h, after which NaOH was added to the medium in increasing concentrations from 0 to 30 mM, giving a pH range from an initial pH of 7.2 to a pH of 9.5 at 30 mM. Subsequently, these cultures were incubated for an additional 12 h, following which aliquots of the culture were removed, serially diluted, and plated onto MRYE agar to determine the survival rate.
As shown in Fig. 2B , at higher concentrations of NaOH, the pspA mutant showed a severe decrease in viability compared to the viability of the WT. At 20 to 30 mM NaOH, corresponding to a pH of 8.9 to 9.5, the number of colonies of the WT strain decreased from ϳ20,000 to 15,000 CFU/ml, whereas for the mutant, a mere 100 to 0 CFU/ml could be detected. The viability was restored to WT levels in the complemented mutant, indicating an important role for pspA in survival in alkaline environments. These results are consistent with results obtained for E. coli where bacteria lacking the pspABC genes exhibited a substantial decrease in the ability to survive incubation in stationary phase under alkaline conditions (pH 9) (28) .
pspA mutants show increased sensitivity to extracytoplasmic stress. Following the observation that growth of the pspA mutant differed from that of the WT strain when cultured under alkaline conditions, we compared the growth of the WT strain to that of the pspA mutant in the presence of other types of extracytoplasmic shock. We compared the effect of a wide variety of shocks, i.e., heat, ethanol, hyperosmotic shock, and SDS treatment, on WT S. lividans, the pspA mutant, and the complemented strain.
Since it has been shown that heat shock induces the psp response in E. coli, we hypothesized that a similar response might be seen in S. lividans. However, when the mutant was grown for 18 h and then subjected to a series of heat shocks, ranging in temperature from 37°C to 50°C and in time from 15 min to 1 h, no difference in growth or viability could be seen for either strain (data not shown). The fact that in E. coli, temperature shock is the only shock not relying on the PspB and PspC proteins, neither of which is present in S. lividans, made this even more remarkable.
Unlike heat shock, other factors did have a significant effect on the growth of the psp mutant. Figure 3 shows that when cultures were subjected to a 5% ethanol shock, the mutant showed a very different growth curve from that of the WT. Contrary to the alkaline shock, ethanol shock did not appear to kill the cells of the pspA mutant but instead showed an aggravated growth defect compared with growths of the WT and the complemented strain.
Furthermore, when the pspA mutant was grown under hyperosmotic shock conditions, it grew to a consistently lower density than the WT (Fig. 4) . The hyperosmotic shock was caused by inoculating the preculture directly into medium containing increasing NaCl concentrations. To make sure that the observed effect was due to hyperosmotic shock and not a consequence of ionophoric shock, the experiment was repeated with increasing concentrations of sucrose, which cannot be metabolized by S. lividans (12) . It is important that, although not metabolized, the addition of sucrose to the medium causes more dispersed growth, making a quantitative comparison between the NaCl and sucrose shock conditions impossible. However, we could clearly see a growth defect in the pspA mutant (Fig. 4) . All observed growth defects due to hyperosmotic shock could be restored in the complemented strain (data not shown). Finally, the pspA mutant showed an increased sensitivity to the anionic detergent SDS. As shown in Fig. 5 , the growth of the mutant was much more impaired than the growth of WT S. lividans at levels of SDS exceeding 0.01%.
pspA mutants show decreased sensitivity to bacitracin. When Bacillus subtilis cells were subjected to treatment with bacitracin, an inhibitor of cell wall biosynthesis, its pspA homologue, liaH (previously yvqH), showed a 10-fold increase in transcription levels (18) . Since B. subtilis, like S. lividans, has no other psp homologues, we investigated the effect of bacitracin on the pspA mutant.
Inhibition by bacitracin was tested in NM medium supplemented with antibiotic at concentrations ranging from 50 g/ml to 100 g/ml. Contrary to what we expected, the mutant strain showed an increased resistance to bacitracin. At a concentration of 50 g/ml, the pspA mutant showed a slower growth rate than untreated cells, but it still grew to a final dry weight of ϳ65% of the untreated cells, whereas the growth of the WT strain was dramatically hampered at this concentration (Fig. 6) .
The pspA promoter is activated by extracytoplasmic stress. The growth curves of the S. lividans pspA mutant under different stress conditions suggested a role for PspA in the extracytoplasmic stress response. To analyze pspA promoter activity under different stress conditions, we utilized the fusion between the promoterless eGFP gene and the pspA promoter present in the pspA mutant. This fusion allowed us to quantify the activity of the promoter by measuring the eGFP fluorescence in vivo and in real time.
Cultures were grown in NM medium for 18 h, after which an ) and, where applicable, supplemented with bacitracin. Dry weight was determined at several time points during the growth. In the presence of 50 g/ml bacitracin, the WT showed almost no growth (0.2 mg/ml), whereas the pspA mutant had a final dry weight of almost 2.5 mg/ml. extracytoplasmic stress was added to the medium, and fluorescence was measured every 15 min continuously for 24 h. Figure  7A shows the resulting fluorescence patterns. Similar to the results obtained for the phenotypical characterization of the mutant, heat shock at 50°C did not appear to activate the pspA promoter. The other stress factors tested, including SDS, ethanol, bacitracin, and alkaline shock, all activated transcription from the pspA promoter. This activation continued for as long as the shock was present, as is obvious by the steady increase in culture fluorescence and, thus, continued eGFP gene transcription, during the entire 24-h experiment. In addition to the previous shocks, we tested whether the addition of CCCP could activate the pspA promoter. CCCP is a protonophore which dissipates the proton motive force (PMF) by conducting protons across the cytoplasmic membrane. Figure 7A shows that after exposure to 6 M CCCP, the medium fluorescence increased, indicating that the dissipation of the PMF can trigger a PspA response in S. lividans.
To investigate whether the activation of the pspA promoter depended on the severity of the membrane shock, we repeated the above-described experiment with an NaOH shock. Cultures grown for 18 h were supplemented with an increasing concentration of NaOH (5 to 20 mM), and the resulting activation of the pspA promoter was investigated (Fig. 7B) . We found no difference in medium fluorescence in the 24 h following the administration of 5, 10, and 15 mM NaOH. A higher concentration of NaOH led to a slow decrease in medium fluorescence, but this is most likely not linked to a decreased activation of the promoter but is instead linked with a sharp decrease in viable S. lividans cells under these conditions (see above). Ultimately, the pspA induction pattern obtained was validated at the protein level. Cell lysates obtained from S. lividans after the administration of the different extracytoplasmic shocks (t ϭ 6 h) were separated by SDS-PAGE and subsequently analyzed by Western blotting and detection using PspA antiserum. The obtained blot (Fig. 7C) clearly supports the promoter activation tests. These data, along with the similar activation for the other membrane shocks, point toward a single activation state of the pspA promoter independent of the severity of the shock.
Localization of the PspA protein.
To determine the localization of PspA, fractionation of S. lividans cell lysates into a cytoplasmic fraction and a membrane fraction was performed. Both fractions were separated by SDS-PAGE, followed by Western blotting and detection using PspA antiserum. Strikingly, the PspA protein, despite being predicted to be a cytoplasmic protein, was identified both in the membrane fraction and in the cytoplasmic fraction (Fig. 8) . Analysis of the films with ImageJ (National Institutes of Health) was used to estimate the fraction of membrane-localized PspA. Approximately 35% of PspA was found to reside in the membrane fraction.
Since the S. lividans PspA protein is predicted to contain no transmembrane helices, we investigated the stability of this membrane association. To this purpose, membrane fractions isolated from WT S. lividans were treated with high salt (500 mM KCl), sodium carbonate (100 mM, pH 11), and detergent (Triton X-100). High salt and sodium carbonate are assumed Equal amounts of cytoplasmic proteins (C) and solubilized membrane proteins (M) were loaded. In the next step, the membrane fractions were treated with 500 mM KCl (1), with 100 mM Na 2 CO 3 (2), or with 10 mM Tris-HCl (pH 8) plus 1% Triton X-100 (3) and separated into solubilized proteins (S) and the remaining membrane pellet (M). The proteins were separated on a 12.5% SDS-PAGE gel and visualized after Western blotting using specific antisera and a chemiluminescent detection procedure. As a control, the same procedure was repeated for the cytoplasmic reporter DnaK and the integral membrane protein TatC.
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on September 12, 2017 by guest http://jb.asm.org/ to extract peripheric membrane proteins, whereas Triton X-100 extracts integral membrane proteins. Proteins extracted by the respective solutions and proteins remaining in the membrane after treatment were separated by SDS-PAGE, followed by Western blotting and detection with PspA antibodies. Figure 8 shows that little of the membranelocalized PspA could be extracted using high salt but that roughly 30% could be extracted using sodium carbonate (pH 11). The detergent Triton X-100 extracted all PspA from the membrane.
Results of these localization and extraction experiments showed that different PspA populations are present in S. lividans cells. The first PspA population is located in the cytoplasm, while the second one behaves as peripheric membrane proteins. This peripheric membrane protein population seems to consist of two subpopulations: one containing PspA that is loosely associated with the membrane and that can be extracted with a high salt concentration and another population that seems to interact more tightly with the membrane or with proteins in the membrane and that can only be extracted with Triton X-100 treatment.
pspA mutants show secretion characteristics similar to those of WT S. lividans. Previously, we showed that the overproduction of PspA greatly increased the secretion of homologous and heterologous proteins through the Tat pathway by S. lividans (25) . A similar effect was described previously for E. coli PspA (7), and in B. subtilis, it was shown that liaH is dramatically upregulated under conditions of secretion stress (8) .
Since PspA can play a stimulating role in protein secretion, we investigated if an absence or low levels of PspA might impair protein secretion.
Therefore, we transformed both WT and pspA mutant strains with a plasmid encoding the native Tat substrate xylanase C (xlnC) or the heterologous eGFP gene fused in frame behind the xlnC signal peptide. After 24 h of growth in NM medium, the amount of eGFP or xylanase activity in the medium was measured. Surprisingly, the WT and the pspA mutant showed similar levels of secretion for both Tat substrates, i.e., 11.2 Ϯ 2.7 mg/liter and 12 Ϯ 2.96 mg/liter for eGFP and 1.58 Ϯ 0.27 U/ml and 1.42 Ϯ 0.30 U/ml for xylanase for the mutant and the WT, respectively. These results show that Tat-dependent protein secretion is not impaired in the pspA mutant, indicating that Tat-dependent protein secretion does not rely on the presence of a functional PspA protein but can be enhanced by it.
DISCUSSION
The psp response in E. coli is known to be induced by various stress conditions such as heat shock, hyperosmotic shock, ethanol treatment, and treatment with hydrophobic solvents (reviewed in reference 5). All these shocks provoke injury to the membrane, and a unifying consequence may be the dissipation of the PMF, although this has not been tested in most cases.
It has therefore been hypothesized that the psp response plays a role in the maintenance of the PMF. PspA is thought to be the main effector protein of the response and is highly conserved in many organisms. Strikingly, most of these pspA homologues are not adjacent to any other psp gene, making it unlikely that they are part of a psp response similar to the one in the Enterobacteriaceae.
Previously, we reported that the S. lividans PspA homologue positively influences protein secretion. This positive effect was much more pronounced in Tat-dependent secretion, a process relying only on the PMF for energy, indicating that pspA in S. lividans may play a role in PMF maintenance similar to that of pspA in E. coli despite the absence of other psp genes.
In this study, we show a clear similarity between both PspA proteins, since in S. lividans, the pspA mutant also showed a decreased growth rate under most of the conditions tested. The strongest effect was noted for alkaline shock, which plays an important role in stationary-phase survival due to the alkalization of the medium. The viability of the pspA mutant strain quickly dropped to zero once the pH of the medium reached 9. Interestingly, in B. subtilis, another gram-positive bacterium containing only a pspA homologue (liaH), this gene was highly induced, as observed in a microarray analysis of the alkaline shock response (29) .
Similarly to the liaH gene, S. lividans pspA was induced by bacitracin. The latter drug interferes with the lipid II cycle in the cytoplasmic membrane and can thus induce membrane stress. Unexpectedly, the S. lividans pspA mutant showed an increased resistance to bacitracin.
This observation seems to contradict a possible role in the maintenance of membrane integrity or the PMF, but in B. subtilis, it has been shown that LiaH can play a dual role. It can be involved directly or indirectly in countering membrane stress, but additionally, it has been shown to be a negative regulator of LiaRS, a two-component system involved in bacitracin resistance (10) . Homologues of LiaRS exist in S. lividans, and it is possible that by taking away the negative regulation, the S. lividans pspA mutant acquires increased bacitracin resistance.
With the notable exception of heat shock, we showed that all the conditions tested induce pspA expression. Furthermore, these conditions all cause a growth defect in the pspA mutant, highlighting the importance of PspA in the S. lividans membrane stress response.
In the E. coli model, PspA is presumed to be the main effector protein, with PspB and PspC as putative, membranelocated sensor proteins. The absence of homologues of these sensor proteins in S. lividans makes it remarkable that its pspA responses resemble those in E. coli so much. It is, however, important that although most inducing stimuli in E. coli depend entirely on PspB and PspC (19) , some stress conditions rely on only one of the pspB and pspC genes or do not require PspB or PspC at all (27) . It is therefore possible that S. lividans PspA directly responds to stress conditions, although it seems more likely that an as-yet-unidentified membrane protein acts as a sensor in the process. In B. subtilis, the LiaI membrane protein has been proposed to be putative sensor for LiaH, although experimental data supporting this hypothesis are still lacking.
The localization of the PspA protein in S. lividans also supports the existence of an as-yet-unidentified membrane partner. PspA was found in both the cytoplasmic (ϳ65%) and membrane (ϳ35%) fractions. Since PspA contains no sequences characteristic of integral membrane proteins, it is likely that the protein interacts with either a protein in the membrane or the phospholipids directly. In E. coli, which contains ϳ50% membrane-associated PspA, it was assumed that this association was due to an interaction with the integral membrane proteins PspB and PspC (1). However, a very recent article (14) described that purified PspA in its oligomeric state can also bind to phosphatidylserine-and phosphatidylglycerol-containing liposomes in the absence of PspB and PspC. Most likely, both the lipid bilayer and some proteins associated with it can contribute to PspA localization in S. lividans. Kobayashi et al. (14) also found previously that PspA had the ability to suppress proton leakage of damaged membranes and that PspB and PspC were not prerequisites for this function. Their proposed model, with PspA oligomers interacting with phosphatidylserine/phosphatidylglycerol in the membrane and, as such, altering the physical properties of the membrane to suppress proton leakage, could be applied to other organisms independent of the presence of other Psp proteins.
The observation that Tat-dependent secretion is not impaired in the pspA mutant might seem to be contradictory at first. We hypothesize that while PspA is involved in PMF maintenance and repair under stress conditions, there is probably little influence on the PMF in unshocked cells. In E. coli, Kleerebezem et al. (13) previously showed that the membrane potential in a pspA mutant and that in the WT are approximately the same. Furthermore, DeLisa and colleagues (7) showed that pspA is not induced by the overexpression of the Tat substrate sufI or by overexpressing Tat substrates that were previously shown to be misfolded. An increase in PspA synthesis was caused only by mutations that abolished export nearly completely. These data indicate that PspA is not an absolute requirement for Tat secretion and that other factors contributing to the regulation of the PMF might be able to compensate for the lack of PspA in the mutant strain when there is overexpression of a Tat substrate.
The fact that PspA homologues are found in many bacterial species combined with the data presented in this study indicate that even when no PspBC homologues are present, PspA plays an important role in the membrane stress response in bacteria.
